Aims/hypothesis The biological mechanism by which obesity predisposes to insulin resistance is unclear. One hypothesis is that larger adipose cells disturb metabolism via increased lipolysis. While studies have demonstrated that cell size increases in proportion to BMI, it has not been clearly shown that adipose cell size, independent of BMI, is associated with insulin resistance. The aim of this study was to test this widely held assumption by comparing adipose cell size distribution in 28 equally obese, otherwise healthy individuals who represented extreme ends of the spectrum of insulin sensitivity, as defined by the modified insulin suppression test. Subjects and methods Subcutaneous periumbilical adipose tissue biopsy samples were fixed in osmium tetroxide and passed through the Beckman Coulter Multisizer to obtain cell size distributions. Insulin sensitivity was quantified by the modified insulin suppression test. Quantitative real-time PCR for adipose cell differentiation genes was performed for 11 subjects. Results All individuals exhibited a bimodal cell size distribution. Contrary to expectations, the mean diameter of the larger cells was not significantly different between the insulin-sensitive and insulin-resistant individuals. Moreover, insulin resistance was associated with a higher ratio of small to large cells (1.66±1.03 vs 0.94±0.50, p=0.01). Similar cell size distributions were observed for isolated adipose cells. The real-time PCR results showed two-to threefold lower expression of genes encoding markers of adipose cell differentiation (peroxisome proliferator-activated receptor γ1 [PPARγ1], PPARγ2, GLUT4, adiponectin, sterol receptor element binding protein 1c) in insulinresistant compared with insulin-sensitive individuals. Conclusions/interpretation These results suggest that after controlling for obesity, insulin resistance is associated with an expanded population of small adipose cells and decreased expression of differentiation markers, suggesting that impairment in adipose cell differentiation may contribute to obesity-associated insulin resistance.
Introduction
Despite all the evidence [1] [2] [3] [4] [5] [6] indicating that excess adiposity is associated with the impairment of insulinmediated glucose uptake in muscle, the cellular/metabolic mechanisms that explain how an increase in fat mass leads to this derangement are not clear. The lack of clarity concerning the mechanistic link between increased fat mass and muscle insulin resistance is further compounded by evidence that not all overweight/obese individuals are insulin resistant, and that equally obese individuals can be insulin sensitive, as well as insulin resistant [7] [8] [9] [10] .
One putative link between obesity and muscle insulin resistance is the manner in which adipose cells expand their fat storage capacity. Studies dating back to the 1970s evaluated adipose cell size with respect to obesity, showing that obese individuals with enlarged subcutaneous abdominal adipose cells are more likely to be hyperinsulinaemic and glucose intolerant than individuals with smaller adipose cells [11] [12] [13] [14] [15] [16] [17] [18] . These findings led to the notion that individuals with hypertrophic, as opposed to hyperplastic, obesity were more likely to be insulin resistant and develop diabetes [12] .
However, in these studies all adipose cells were counted and total lipid was extracted to determine the average cell size [18] . Furthermore, the majority of studies lacked control subjects matched in terms of BMI, an obvious confounder of the observed associations. Using newer Beckman Coulter (Miami, FL, USA) Multisizer technology and software, we have noted that the adipose tissue of Zucker fatty rats displays a complex distribution of adipose cell sizes, appearing to comprise populations of both small and large cells, such that determination of the average cell diameter does not adequately describe the cell population (D. G. Hunt, X. Chen, M. Santos, N. Tserentsoodol, S. Cushman; unpublished data). Based on these observations, we decided to further investigate the link between adipose cell size and insulin resistance. Our study differs from prior studies in that (1) we quantitated cell size and distribution using Multisizer technology, and (2) our experimental population consisted of moderately obese individuals who were either very insulin resistant or very insulin sensitive, but matched in terms of BMI.
Subjects and methods
Subjects Participants included 28 overweight or obese individuals, identified during screening for a weight-loss study, who were either insulin resistant or insulin sensitive as quantitated by the insulin suppression test (IST; see below), and who consented to undergo an adipose tissue biopsy. We attempted to match potentially eligible individuals in each group according to BMI and sex. All participants were non-diabetic, as defined by a fasting plasma glucose level of <7.0 mmol/l, except for one individual who had diet-controlled type 2 diabetes. All were in good general health and were required to have had a stable weight for at least 3 months prior to study entry. None had a history of eating disorders, cardiovascular disease, gastric bypass surgery, liposuction or use of diet (weight loss) medications. The study was approved by the Stanford University Human Subjects Committee and the National Institute of Digestive Diseases and Kidney Disease (NIDDK) Institutional Review Board, and all subjects gave written informed consent.
Quantitation of insulin-mediated glucose disposal Insulinmediated glucose disposal was quantified by a modification [19] of the IST as originally described and validated [20, 21] . Briefly, subjects were infused for 180 min with octreotide (0.27 μg m ). Blood was drawn at 10 min intervals from 150 to 180 min of the infusion to measure plasma glucose and insulin concentrations, and the mean of the four values for each parameter was used as the steady-state plasma glucose (SSPG) and insulin (SSPI) concentration. As SSPI concentrations are similar in all subjects during these tests, the SSPG concentration provides a direct measure of the ability of insulin to mediate the disposal of an infused glucose load; the higher the SSPG concentration, the more insulin resistant the individual. Based on a prior study of the distribution of SSPG concentrations in 449 healthy non-diabetic adults [22] , we defined cut-off values for insulin resistance and sensitivity as those values delineating the top and bottom 40th percentiles of the SSPG distribution, respectively. Only individuals with concentrations above or below these cutoff values were invited to undergo an adipose tissue biopsy.
Plasma glucose, insulin and lipid/lipoprotein concentrations were measured after an overnight fast as described previously [20, 23] . Other experimental measurements included weight; height; BMI, calculated as weight in kilograms/(height in metres) 2 ; waist circumference, measured at end-expiration as the point midway between the iliac crest and lower costal margin; aerobic exercise, expressed as min/week; race/ethnicity; and blood pressure (average of six readings).
Adipose tissue biopsy and cell size analysis Adipose tissue was obtained under sterile conditions with administration of 0.25 bupivocaine with adrenaline (epinephrine) for local anaesthesia. A 1 cm scalpel incision was made inferior to the umbilicus, from which 2 g of subcutaneous adipose tissue was removed. Two samples of 20-30 mg of tissue were immediately fixed in osmium tetroxide and incubated in a water bath at 37°C for 48 h as described previously [14] , and then adipose cell size was determined by a Beckman Coulter Multisizer III with a 400 μm aperture. The range of cell sizes that can effectively be measured using this aperture is 20-240 μm. The instrument was set to count 6,000 particles, and the fixed-cell suspension was diluted so that coincident counting was <10%. After collection of pulse sizes, the data were expressed as particle diameters and displayed as histograms of counts against diameter using linear bins and a linear scale for the x-axis.
As an adjunct to the Multisizer analysis, samples of osmium-fixed adipose cells and paraformaldehyde-fixed adipose tissue were viewed by light and scanning electron microscopy using standard laboratory techniques. Photographs were taken and cell size distribution was evaluated using National Institutes of Health (NIH) Image J (available from http://rsb.info.nih.gov/ij/, last accessed in May 2007).
In another test of cell size distribution, adipose tissue biopsy samples from two moderately obese subjects were divided into two and then either fixed directly for cell size analysis or subjected to the collagenase digestion, cell flotation technique [24] for isolation of adipose cells prior to being fixed for cell size analysis. This test compared the cell size distribution of all cells collected from tissue pieces by the osmium fixation procedure (25 μm nylon filter) with the cell size distribution of cells that were designated as adipose cells on the basis of floatation.
For each participant, analysis of adipose cell size distribution from Multisizer graphs (Fig. 1) entailed identification of the nadir, which was defined as the low point (in frequency) between the two cell populations, i.e. where the curve between the two populations was flat, the midpoint was designated the nadir. The number of adipose cells above and below this point was calculated by the Multisizer software, and expressed as the '% above' and '% below' the nadir, as well as the ratio of small to large cells. In addition, the 'peak diameter' of the large adipose cells was defined as the mean diameter at which the frequency of the large cell population reached a maximum. Finally, the Multisizer software calculated the mean, median and mode of the overall cell size for each subject.
Quantitative real-time PCR for markers of adipose cell differentiation Total RNA was extracted from flash-frozen adipose tissue biopsies using Trizol (Life Technologies, Gaithersburg, MD, USA) and the Adipose Tissue RNAeasy kit (Qiagen, Valencia, CA, USA) according to the manufacturers' instructions. After DNase treatment, cDNA was synthesised from 5 mg of total RNA using the Maloney murine leukaemia virus reverse transcriptase (SuperScript II kit; Invitrogen, Carlsbad, CA, USA). Taqman primer/probe sets for mRNA transcripts of adipose cell differentiation markers sterol receptor element binding protein 1c (SREBP1c), peroxisome proliferator-activated receptor γ1 (PPARγ1), PPARγ2, adiponectin, GLUT4 and adipsin, as well as for 18S ribosomal RNA were purchased from Applied Biosystems (Foster City, CA, USA). Amplification was carried out in triplicate on an ABI Prism 7700 sequence detection system at 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. A threshold cycle (Ct value) was obtained from each amplification curve and a ΔCt value was first calculated by subtracting the Ct value for 18S ribosomal RNA from the Ct value for each sample. A ΔΔCt value Fig. 1 Multisizer adipose cell profiles of insulin-resistant (a) and insulin-sensitive (b) subjects, plotting cell diameter using linear bins against relative frequency. The AUCs are normalised to 1.0, and the frequency profiles are truncated at y=0.06 for clarity. The nadir is the low point (in frequency) between the two cell populations, i.e. where the curve between the two populations was flat, the midpoint was designated the nadir. The peak diameter is the mean diameter of cells above the nadir, or 'large' cells. The arrows indicate the means for the nadir (left) and peak diameter (right) for each group was then calculated by subtracting the ΔCt value of a single insulin-sensitive subject (control). Fold changes compared with the control were then determined by calculating 2
ΔΔCt .
Statistical analysis Student's unpaired t tests or the χ 2 test (for categorical variables) were used to compare the clinical and laboratory characteristics between the two groups and to evaluate the primary endpoints with regard to cell size distribution between the two groups. These endpoints were the nadir, the ratio of small to large cells, and the peak diameter of the population large cells. Potential confounders (sex, BMI or waist circumference, and exercise) were entered into analysis of covariance (ANCOVA) models in which the cell size distribution endpoints were dependent variables and the insulin-resistant group was the primary grouping variable, with Scheffe's adjustment for multiple comparisons. Comparisons of relative gene expression as quantitated by real-time PCR (below) were compared with unpaired Student's t tests. These analyses were performed using Systat 10.0 (SPSS, Chicago, IL, USA).
Further quantitative analyses were carried out via mathematical modelling (non-linear least-squares function nls, R 1.9; available from: http://www.r-project.org, last accessed in May 2007), in which a single formula using seven cell-size parameters could describe the individual data points of each subject:
where x=cell diameter and x 0 =the smallest diameter; h 1 and w 1 =height and width of the first exponential; h 2 and w 2 = height and width of the second exponential; and h p , c p , and w p =height, centre and width of the Gaussian curve. In the curve formulated by this equation, the small cells are represented by the sum of two exponentials and the large cells are represented by a Gaussian curve (Electronic supplementary material [ESM] Fig. 1 ). The composite difference between the curve profiles of the two groups was assessed via multivariate analysis of variance (MANOVA). Between-group differences for each of the seven cell size parameters in the equation were assessed via unpaired Student's t test. For all analyses, a p value equal to or less than 0.05 was considered statistically significant.
Results
Thirteen insulin-resistant and 15 insulin-sensitive overweight or obese subjects underwent adipose tissue biopsies. The clinical and laboratory characteristics of the two subject groups are shown in Table 1 . By selection, the difference in insulin resistance was dramatic, with the mean SSPG in the insulin-resistant subgroup approximately threefold greater than the values in the insulin-sensitive subgroup. Also by selection, the two groups were well-matched in terms of BMI (30.6±4.1 vs 29.4±2.7) and waist circumference (102±12 vs 989). No statistically significant differences were observed between the groups in terms of age, sex, reported levels of exercise, blood pressure, fasting glucose, or total cholesterol or LDL-cholesterol. Plasma triacylglycerol concentrations were higher and HDL-cholesterol concentrations were lower in the insulin-resistant obese participants. Figure 1 illustrates the adipose cell size distributions of all 28 subjects, as determined by Multisizer analysis using cells isolated from osmium-fixed adipose tissue. The adipose cell distribution was bimodal in every subject as a result of a variable, but generally large, proportion of small cells. That the small cells identified by Multisizer were truly adipose cells is supported by scanning electron microscopy of both paraformaldehyde-fixed tissue and osmium-fixed cells processed for Multisizer analysis, shown in Fig. 2 , which clearly demonstrates the presence of small adipose cells, which appear as spherical objects, along with stromal vascular cells (rod-or finger-like cells, Fig. 2a only) and monocytes (very small objects adherent to the spherically shaped adipose cells). To quantitatively confirm that the population of small cells was indeed adipose cells, we conducted a direct quantitative comparison of the cell size distributions of osmium-fixed cells prepared by tissue fixation and those prepared by fixation of isolated adipose cells derived by the flotation method from the same tissue biopsy. The graphs in Fig. 3 show that the distribution curves of the isolated cells approximate those of adipose tissue. Table 2 presents the mean, median and mode of adipose cell diameter in the insulin-sensitive and insulin-resistant groups. While these values did not differ significantly between the two groups, the insulin-resistant group was characterised by a higher nadir (72±13 vs 59±10 μm, p<0.01) after adjusting for BMI (or waist circumference), sex and exercise), and a higher ratio of small to large cells (1.59±0.96 vs 0.94±0.50, adjusted p<0.05). The average peak diameter of the population of large cells was slightly larger for the insulin-resistant subjects, but the difference was small and not statistically significant. Figure 4 shows representative adipose cell size profiles using the average parameters determined by the curvefitting analysis for the insulin-sensitive and insulin-resistant groups. MANOVA analysis applied to the curve-fit parameters showed that the overall cell size distribution was statistically significantly different (p=0.03 by MANOVA) in the insulin-resistant vs insulin-sensitive group. Betweengroup comparisons of the seven individual parameters (ESM Fig. 2) showed that the peak height of the curve describing the population of large cells (h p ) was significantly lower in the insulin-resistant vs the insulin-sensitive group, even after Bonferroni's adjustment for multiple comparisons. In addition, the calculated AUC of the population of large cells (peak area) was significantly lower in the insulin-resistant subgroup than the insulin-sensitive subgroup. Similar to the raw data (Fig. 1) , the fitted peak diameter of the large cells was only slightly greater in the insulin-resistant group, and the difference was not statistically significant. Thus, whether we consider the ratio of small to large cells, the height of the large-cell curve, or the area under this curve, the major difference between obese individuals that are insulin resistant and those that are insulin sensitive is a lower percentage of large adipose cells and a greater percentage of small adipose cells. While both the nadir and the curve-fitting analyses are only approximate ways of separating the small and large populations, the existence of two distinct populations is visibly evident in the histograms generated from both methods.
To investigate the possibility that the small adipose cells in the insulin-resistant subjects represent relatively undifferentiated adipose cells, we measured the relative expression of genes related to adipose cell differentiation in the two subgroups (six insulin-resistant and five insulinsensitive participants). Four of the six insulin-resistant and four of the five insulin-sensitive participants were included in the cell size analysis. The demographic/metabolic characteristics of the insulin-resistant vs insulin-sensitive groups in this analysis were as follows: SSPG 12.72±2.17 vs 3.44 ± 0.56 mmol/l (p < 0.0001); race (white/Asian/ Hispanic) 3/2/1 vs 5/0/0; sex (female/male) 3/3 vs 3/2; age 55±9 vs 52±9 years (p=0.57); BMI 30.6±3.6 vs 27.6±1.3 kg/m 2 (p=0.15); waist circumference 100±13 vs 97±14 cm (p=0.75), respectively. Table 3 demonstrates that expression of the genes encoding the differentiation factors SREBP1c, PPARγ1, and PPARγ2, and the mature cell proteins adiponectin and GLUT4 were all at least twofold higher in the insulin-sensitive group.
Discussion
Our results demonstrate that obese individuals harbour a complex population of adipose cells. Consistent with previous authors, we have demonstrated the presence of large subcutaneous abdominal adipose cells with diameters in the range of 100-120 μm. Unlike previous authors, however, we have shown that approximately half of the adipose cells for a given volume of adipose tissue are small, in the 20-50 μm range. These cells are too large to be preadipocytes or cells of haematopoietic lineage, and we confirmed the presence/relative quantity of adipose cells of this size through microscopic visualisation and Coulter Counter analysis of isolated adipose cells as compared to adipose tissue from the same individuals. Our results are contrary to our original hypothesis, that the insulin-resistant subgroup of obese individuals would harbour larger cells. Indeed, we found that the size of the large adipose cells did not differ significantly in two groups of obese individuals who represented opposite ends of the spectrum with regard to insulin resistance. Instead, we demonstrated a clear predominance of small adipose cells in the insulin-resistant subgroup, a finding that differed significantly from the insulin-sensitive subgroup, in which the large cells predominated. The expression of genes related to adipose cell differentiation was two-to threefold lower in the insulinresistant subgroup than in the insulin-sensitive subgroup, suggesting that the former subgroup is characterised by adipose cells with a lower capacity for differentiation.
We interpret these data to suggest that insulin resistance in obese individuals occurs not because they have larger adipose cells, as has previously been suggested [13, 15] , but rather, at least in part, as a result of their inability to respond to the need to store excess energy (triacylglycerol) by increasing the production of fully differentiated, mature adipose cells. We found an increase in the proportion of Fig. 4 Multisizer profiles of the adipose cell-size using the mean parameters from the curve-fitting formula for insulin-sensitive (solid line) and insulin-resistant (dashed line) subjects (p=0.03 using MANOVA) small adipose cells, suggesting that precursor cells accumulate enough triacylglycerol to be designated adipose cells by floatation or relative size but cannot further function in the triacylglycerol storage process, consistent with observations that insulin-resistant individuals have relatively greater quantities of fat stored in their liver and skeletal muscle [25, 26] . In addition, the relative lack of mature adipose cells could be associated with abnormalities in the secretion of terminal adipocyte-derived proteins, such as adiponectin, which coordinate adipose cell and systemic metabolism. Indeed, our findings are consistent with a prior report showing that plasma adiponectin concentrations are significantly lower in obese insulin-resistant individuals compared with similarly obese insulin-sensitive individuals [27] . At the molecular level, our findings are supported by several reports. First, it has been demonstrated in a 3T3-L1 adipocyte culture cell system that co-culture with inflammatory cytokines IL-6 and TNF-α allowed early differentiation but prevented maturation to the terminal stage [28] . These dysfunctional adipocytes accumulated less triacylglycerol and expressed an inflammatory phenotype. In another report, adipose tissue from patients with HIV-1-related lipoatrophy showed decreased differentiation and increased inflammation compared with controls, in association with insulin resistance [29] . We did not quantify inflammatory markers in this study, but it would be worthwhile in future investigations in human obesity to determine whether differences in cell size and/or differentiation were associated with inflammation at the molecular level, particularly as we have previously shown that several circulating inflammatory markers vary as a function of insulin sensitivity, independently of obesity [30, 31] .
Our findings are also consistent with prior data in rats [32] and humans [33] showing that adipose cells can only enlarge to a finite degree in the setting of short-term overfeeding. Indeed, in both rats and humans, overfeeding led to little change in the size of large adipose cells, but resulted in an increased number of small adipose cells. Faust et al. [32] concluded that attainment of a specific mean adipose cell size triggers adipose cell proliferation or differentiation of a pool of very small and normally undetected cells. As such, in the setting of obesity and increased storage demands, if certain individuals are unable to mature a new crop of adipose cells owing to an impairment in differentiation, triacylglycerol would require storage in non-adipose tissues, as has been reported in insulin-resistant individuals [34] . In this context, our results show, for the first time, that insulin resistance in obese individuals is associated with an expanded population of small cells, and this finding differentiates them from equally obese subjects who are insulin sensitive. Indeed, these findings provide a potential explanation for the association between increasing body fat and insulin resistance, as well as the observation that not all obese individuals are insulin resistant [35] .
Our results and their postulated pathophysiological consequences are consistent with human and animal lipodystrophy models, in which a near-absolute lack of subcutaneous adipose tissue is associated with insulin resistance accompanied by increased triacylglycerol deposition in muscle and liver [36, 37] . Similarly, it can be argued that the development of obesity in individuals who, for as yet unclear reasons, have a defect in their ability to increase adipose cell triacylglycerol storage by increasing the population of fully differentiated adipose cells will be more insulin resistant than equally obese individuals who have retained this ability. Our results also provide a potential explanation for the mechanism by which thiazolidenedione compounds can enhance insulin action in skeletal muscle: by stimulating adipose cell differentiation [38] , the maladaptive metabolic consequences of a relative deficiency in the ability to store triacylglycerol in adipose tissue is ameliorated, with a consequent decrease in hepatic [39] and skeletal muscle fat content [40] .
The methods used in this study differ from those of previous investigators who utilised either photographic techniques with measurements of adipose cell diameter and/or the technique of lipid extraction combined with cell counting of osmium-fixed cells using the more traditional Coulter Counter to estimate average cell size. If a Multisizer is used to determine how many adipose cells must be counted to obtain a reasonably accurate cell-size distribution, it can clearly be shown that most previous studies using the photographic cell sizing techniques did not analyse a sufficient number of cells. With the traditional Coulter Counter technique, instrument settings for each sample to be counted are determined by constructing a cumulative cell size curve and taking a series of counts at a plateau level that unintentionally discards the smallest cells. If only cells to the right of the nadir are considered, a single peak would be observed. These methodological differences may be responsible for the differences between our results and those of prior investigators [15] [16] [17] [18] 41] who showed that insulin resistance, IGT, and/or hyperinsulinaemia are associated with larger mean adipose cell diameters. In view of our findings, it is clear that the 'mean' cell diameter is not sufficient to describe the population of adipose cells from a biopsy specimen. With regard to impaired adipose cell differentiation as a potential cause of insulin resistance, our data are consistent with those of other investigators. For example, it has been shown that knocking out the gene encoding GLUT4 specifically in adipose cells is accompanied by systemic insulin resistance in vivo and skeletal muscle insulin resistance in vitro, despite the presence of a normal complement of GLUT4 in the latter tissue [42] . Studies in humans have shown the decreased expression of genes related to adipose cell differentiation in the insulinresistant offspring of patients with type 2 diabetes compared with insulin-sensitive controls [43] , and the upregulation of genes related to adipose cell fat storage in response to the administration of a thiazolidenedione compound that is well known to promote increased insulin sensitivity [44] . Similar observations have been reported in Zucker fa/fa rats [39] . Taken together, these prior data are consistent with our findings and strengthen the hypothesis that, in obese individuals, impairment in adipose cell differentiation is characterised by a relative reduction in large adipose cells and an abundance of small adipose cells. The resulting decreased ability to store triacylglycerol in subcutaneous adipose tissue is likely an important contributor to the development of skeletal muscle insulin resistance.
Our study is limited by its small size. Furthermore, we cannot prove causality but merely report associations in this human study. Note that we are not claiming that small cells differ from large cells with respect to gene expression and fat metabolism. Rather, we are proposing that differences exist between adipose cells in insulin-sensitive and insulinresistant subjects that are associated with a quantifiable difference in cell size distribution. Additional metabolic differences may exist between small and large cells that could contribute to the impact on whole-body metabolism of the differences in cell size distributions, but such a determination would require further work to separate the cells by size.
We adjusted for possible confounding effects of slight differences in BMI and waist circumference, as well as sex and exercise. Our study subjects were primarily white, and thus our results may not be generalisable to all racial groups. Finally, because the participants in our study were only available for subcutaneous adipose tissue biopsy, we could not assess the contribution of visceral adipose tissue to insulin resistance. However, parallel studies in rodents have shown that similar adipose cell size distributions apply across depots (D.G. Hunt, X. Chen, M. Santos, N. Tserentsoodol, S. Cushman; unpublished results). Strengths include the characterisation of two similarly obese groups who differed metabolically, and the use of newer technology to characterise cell size distribution in a more sophisticated manner.
In conclusion, our findings point to a primary defect in the adipose cell that relates to the development of insulin resistance in obese individuals. The findings of an enhanced population of small adipose cells and the decreased expression of genes related to adipose cell differentiation, strongly suggest that variation in adipose cell characteristics that are independent of, but likely interactive with obesity, play a major role in the development of insulin resistance. Specifically, our findings suggest that, in the setting of obesity, individuals who are unable to recruit an additional population of mature adipose cells for triacylglycerol storage will develop insulin resistance. In an era of increasing body weight, which is not likely to soon reverse, our findings highlight the need to focus on adipose cells/tissue as a potential mediator of insulin resistance. Follow-up studies that clarify the mechanisms by which differentiation of adipose cells is impaired, and the cellular and metabolic response of adipose cells to targeted interventions that can alter insulin resistance are necessary. Such studies may eventually lead to novel techniques for risk stratification and/or novel therapeutic targets for intervention in those patients at highest risk for obesityassociated complications.
